INTRODUCTION
Multifunctional proteins consist of two or more domains, each of which possess an autonomous structure and are associated with a particular function (1) (2) (3) (4) . It has been suggested that multidomain proteins have evolved by the fusion of two or more ancestral single domain proteins or that they are the result of recombination events such as domain duplication or swapping (5) (6) (7) (8) . New combinations of covalently joined domains are of great importance in protein evolution because they have a potential to ensure direct linkages between proteins that act in a coordinated manner, such as successive enzymes in the same metabolic pathway, or between proteins that belong to different functional systems, such as various signaling systems or transcriptional regulators. The repertoire of types of domains in proteins is limited (9, 10) . Nevertheless, the huge diversity of proteins found in nature seems to stem from occasional recombinational joining ("domain shuffling") followed by natural selection of the most effective multidomain variants (10) (11) (12) .
Three-dimensional (3-D) structural data and biochemical properties of individual domains show that, in general, they are distinct, compact structural and functional units connected by flexible linkers. Usually, intradomain peptide units are either buried in the protein core or they comprise regular secondary structural elements. The sites of limited proteolysis are flexible or unfolded (13) , and for that reason intradomain peptide units are less susceptible to proteases than interdomain regions, which usually form surface-exposed mobile loops. This protein architecture enables the use of limited proteolysis to elucidate the structural organization of multidomain proteins (14, 15) . Protein fragments produced by this procedure are isolated and tested for their biochemical properties individually, a task that is sometimes complicated and labor intensive. Moreover, limited proteolysis may not be accurate in all cases. Given that modeling studies of proteolytic sites have revealed local unfolding of a stretch of up to 12 residues (16) , correctly folded native proteins should be attacked by protease if they contain flexible sites in the protein chain that can bind and adapt to the specific stereochemistry of the protease active site (17) . However, some short unfolded interdomain regions could be inaccessible to proteases. In addition, some loops could be resistant to proteolysis due to the absence of amino acid residues required for specific interaction with proteases.
Several computer algorithms were developed for the identification of domains of proteins for which 3-D structures are known (18) (19) (20) (21) (22) . The algorithms are based on principles such as interface area minimization, distance mapping, identification of hydrophobic core, or domain compactness. Some of these algorithms are used in protein domain databases such as the Class Architecture Topology Homology (23) or Dali Domain Dictionary (24) . Other methods for the prediction of domain boundaries rely on attempting to deduce homology-based domain boundaries via comparative sequence searches. However, this strategy can only be successful when the investigated sequence has detectable similarity to other sequence fragments in databases (25) (26) (27) (28) (29) (30) . Recently, a few novel methods have been developed to predict domain boundaries from amino acid sequence alone (31) (32) (33) (34) . Although computational methods for domain assignment are relatively accurate, all predictions must be confirmed experimentally.
Here we introduce random gene dissection (RGD), a technique that is designed to investigate the domain structure of proteins. This approach helps to overcome limitations of the proteolytic studies mentioned above, and it can be used to identify functional domains as well as interdomain regions and complementing protein fragments. The RGD approach is based on an idea that protein domains possessing autonomous structure are associated with a particular function that can be performed even in the absence of adjacent domains.
We used the RGD approach to study domains of the type IIS restriction endonuclease BfiI. This endonuclease recognizes the sequence 5′-ACTGGG-3′ and cleaves the upper DNA strand 5 nucleotides and the bottom DNA strand 4 nucleotides away from the recognition site (35) in the absence of Mg 2+ (36) . BfiI was shown to form a dimer in solution. Previous experiments have suggested that this enzyme is composed of two domains (36, 37) : an N-terminal catalytic domain and a C-terminal domain responsible for target recognition. In the presence of the specific oligonucleotide, thermolysin selectively cleaved BfiI at Leu191 or Leu193, resulting in two oligopeptides (38) . After their separation, it was demonstrated that one of them is the N-terminal domain, which is responsible for dimerization. In addition, this domain acts as a nonspecific nuclease. In contrast, the C-terminal proteolytic fragment was able to bind the specific DNA, obviously indicating that it plays a role of DNA recognition domain (38) .
In order to isolate catalytically active BfiI insertional mutants, we applied the genetic screening approach developed by Heitman et al. (39) (40) (41) . In that system, intracellular double-stranded DNA cleavage, carried out by the restriction endonuclease EcoRI, results in the induction of genes involved in the SOS DNA repair response. It appears that DNA damage is the primary reason for the induced SOS response, which is responsible for DNA repair in the cell (42) ; thus, the phenotype of SOS induction has a potential to be applied in all experiments where intracellular endonucleolytic activity has to be identified. In the case of EcoRI, the SOS response was visualized by using Escherichia coli cells in which the SOS regulon gene dinD1 was fused to the reporter gene lacZ. The development of blue color in these cells, when plated on media containing 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal), is therefore a measure of the SOS response. E. coli strains carrying the dinD1::lacZ gene fusion were used to isolate restriction endonuclease mutants of relaxed or altered substrate specificity (40, 43) as well as for the identification of transformants carrying the cloned restriction-modification genes (44) . Combining this genetic screening and characterization method for active mutants of endonucleases with the RGD approach allowed us to predict boundaries of BfiI structural/ functional domains. Also, it helped us to isolate BfiI mutants with wild-type specificity that were encoded by two in vivo complementing oligopeptides.
MATERIALS AND METHODS

Bacterial Strains and Media
E. coli strain ER2267 was used as a host in subcloning procedures. Screening for endonucleolytically active BfiI mutants was done in ER1992 (44) . Both strains were obtained from New England Biolabs (Beverly, MA, USA). RR1 (45) and XL1-Blue (46) strains were used to transfer genes for BfiI methyltransferases into the conjugative plasmid F′. The RR1-Bfi cells produced BfiI methyltransferases encoded by F′::mTn10 (bfiIMC1 + bfiIMC2 + ). The construction of this strain is described in the Supplementary Methods available online at www. BioTechniques.com. All strains were grown in Luria-Bertani (LB) medium (47) at 37°C. LB was supplemented with 1.5% agar for the plates. The following concentrations of antibiotics were used when necessary: ampicillin (Ap), 100 μg/mL; kanamycin (Km), 50 μg/mL; chloramphenicol (Cm), 10 μg/ mL; streptomycin (Sm), 30 μg/mL; and tetracycline (Tc), 15 μg/mL. X-gal was added to media at a final concentration of 50 μg/mL. E. coli transformations were carried out either by electroporation or by CaCl 2 -heat shock method (47) .
Reagents, Oligonucleotides, and Enzymes
All molecular biology kits and enzymes (except DNase I) were obtained from Fermentas UAB (Vilnius, Lithuania) and used as recommended by the manufacturer. DNase I was purchased from Sigma-Aldrich (St. Louis, MO, USA). Oligonucleotides were synthesized at Fermentas UAB. Sequencing primers were labeled with [γ-33 P]ATP from Amersham Biosciences (Little Chalfont, UK).
DNA Manipulations
The construction and isolation of recombinant plasmids and other molecular manipulations followed standard protocols (47) . A DNA Extraction Kit (Fermentas UAB) was used to purify DNA fragments from agarose gels. The precise mapping of the DNA cassette insertion point was done by the dideoxy nucleotide chain termination approach (48) using the Cycle Reader™ DNA Sequencing Kit (Fermentas UAB) and a pair of outward primers complementary to both ends of the cassette: 5′-GTTCTTTACGATGCCATTGGG-3′ and 5′-GTGATGGCTTCCATGTCGGC-3′. Plasmids used in this study and their constructs are described online in Supplementary Table S1 . Random gene dissection of the BfiI restriction enzyme was done using a technique similar to that described by Biondi et al. (49) . Fifty micrograms of pUCBfiIR DNA and the same amount of ethidium bromide were diluted in 1 mL of G + buffer (Fermentas UAB). In a control reaction, 50 μL of this solution were incubated with 100 pg DNase I. Aliquots of control reaction were Plasmid DNA was isolated from the pooled Ap r Cm r transformants and used for the isolation of endonucleolytically active BfiI mutants.
Screening for Functionally Active bfiIR Mutants and Their Deletion Analysis
The genetic screening technique (39, 40) was used to isolate functionally active BfiI mutants in E. coli strain ER1992, which carries the dinD1::lacZ fusion. The colonies of ER1992 with induced SOS DNA repair response can be identified by their blue color on LB agar supplemented with chromogenic LacZ substrate X-gal (44) . The ER1992 strain was used to screen for BfiI mutants that are able to induce the SOS DNA repair response in the absence of protective methylation. In parallel, those BfiI mutants that induced the SOS response in the presence of cognate methylation were identified using BfiI methylation-proficient ER1992 derivative ER1992 (pACBfiIM).
Gene fragments coding for either the N-terminal or C-terminal oligopeptides of the BfiI insertional mutants were deleted to define their importance in the SOS induction. These deletions were generated by the removal of the corresponding DNA region flanked by either an NcoI/PstI cleavage site or an NcoI/Ecl136II site. The NcoI site is located within the cassette, whereas the PstI and Ecl136II sites are in the pUC57 multiple cloning site. The resulting deletion derivatives were transformed back into ER1992 or ER1992 (pACBfiIM) and their capability to induce the SOS DNA repair response was evaluated.
RESULTS
Design of the Cassette for Random Gene Dissection
The RGD technique ( Figure  1B ) is based on the use of specially designed DNA cassette ( Figure 1A ). This cassette, when properly inserted into the reading frame of a target gene, results in the premature termination of translation of its messenger RNA (mRNA) due to the presence removed at different time points and analyzed to evaluate the kinetics of the appearance of open circular plasmids. We observed that incubation for 5 min at 30°C results in 90% of nicked DNA. Therefore, 1.9 ng DNase I were added to the remaining DNA solution, and the reaction was terminated after 5 min of incubation at 30°C by adding EDTA to a final concentration of 50 mM. Nicked circular plasmids were gel-purified on 0.8% agarose and treated with S1 nuclease in S1 buffer (Fermentas UAB) to cut the second DNA strand at the position of the nick. The incubation time with the S1 nuclease was chosen to convert only about 40% of nicked DNA into the linear form to avoid degradation of linear DNA ends as much as possible. These randomly linearized plasmids were gel-purified and dephosphorylated using calf intestine alkaline phosphatase. The plasmids were ligated with a specially designed cassette coding for chloramphenicol resistance, which was excised from pUCm with BpiI and then blunted using T4 DNA polymerase. The ligation mixture was used to transform electrocompetent RR1-Bfi cells. Transformants were selected on LB agar supplemented with Ap, Cm, and isopropyl-β-d-thiogalactoside (IPTG; 1 mM). Plasmids isolated from the pooled transformants contained the cassette inserted either within the restriction endonuclease gene or in other transcriptionally active locations (for instance, upstream or downstream of the gene for BfiI). The latter group of mutants was removed from the collection by an enrichment procedure based on subcloning only those mutant genes in which the insertion occurred within the gene. In pUCBfiIR, BamHI and Mph1103I have unique cleavage sites located on both ends of bfiIR. Those sites are 1.15 kb apart. When the total plasmid DNA of pUCBfiIR insertional mutants was cleaved with a mixture of BamHI and Mph1103I, a DNA fragment of 1.85 kb appeared (1.15 kb and the DNA cassette of 0.7 kb). The fragment was gel-purified and ligated with a pUCBfiIR backbone (2.7 kb) that had been produced by digestion with BamHI and Mph1103I. The ligation mixture was introduced into RR1-Bfi cells by electroporation.
the presence of wild-type BfiI restriction endonuclease. It was expected that enzymes with the wild-type specificity would be unable to induce the SOS DNA repair response in ER1992 (pACBfiIM), while the induction of the SOS response by relaxed-specificity mutants was expected to be independent of the DNA methylation. One plasmid was discarded because it did not induce the SOS response in any strain. Of the remaining 17 plasmids, 16 induced the SOS response in ER1992, but not in ER1992 (pACBfiIM). These insertional mutants with the wild-type specificity of the endonuclease were abbreviated as WTS ( Table 1 ). The endonuclease activity of these mutants seemed to be low because the recipient cells survived even in the absence of the protective effect of DNA methylation. One mutant, REL15, induced the SOS response in both methyltransferase-minus and methyltransferase-plus strains, suggesting that the insertion relaxes the specificity of BfiI (REL stands for relaxed specificity). This mutant plasmid was extremely toxic to recipient cells. The sequence analysis revealed that in REL15, the cassette terminated the translation of the protein at the putative linker region that joins separate BfiI domains that are responsible for DNA cleavage and for on the position of the inserted cassette. Restriction mapping of the total plasmid DNA isolated from pooled transformants indicated that about 40% of all insertions occurred outside of the restriction endonuclease gene. These were eliminated by selecting only the DNA fragments of a size matching the bfiIR gene with the inserted cassette, subcloning these fragments into the appropriately cleaved pUCBfiIR, and then selecting for the Cm-resistant transformants.
Isolation of BfiI Mutants with the Wild-Type Specificity
To screen for mutants with the wildtype substrate specificity, an enriched library of the BfiI insertional mutants was introduced into ER1992. The cells were plated onto LB agar supplemented with X-gal and screened for the relatively abundant (2%) dark-blue colonies. Eighteen dark-blue colonies were selected for further analysis. Individual plasmid DNAs isolated from the selected colonies were introduced into both ER1992 and ER1992 (pACBfiIM) in order to evaluate the specificity of mutant variants of the endonuclease. ER1992 (pACBfiIM) is a derivative of ER1992 that produces BfiI methyltransferases and thus tolerates of a TAA stop codon at the 5′ end of the cassette. Because the 3′ end of the cassette contains a ribosome binding site followed by the initiation codon ATG, the remainder of the target gene is translated as a separate polypeptide. Such a construct encodes pieces of the target protein without any additional amino acids except for the initiator formyl-methionine. The presence of the cat gene for chloramphenicol resistance in the cassette facilitates selection for insertional mutants because the cat gene has no promoter of its own. This gene can be transcribed only if the cassette is correctly inserted into a transcriptionally active DNA region. Of note, the level of antibiotic resistance of cells harboring the appropriate resistance gene depends on its expression level. In order to determine the Cm concentration that could be tolerated by cells carrying the cassette under the control of pUC57 promoter P lac , the cassette was inserted into the Eco32I site of this plasmid. We observed that the appearance of chloramphenicolresistant transformants of normal size required P lac induction with 1 mM IPTG and lowering the Cm concentration to 10 μg/mL. These conditions were used throughout this study to create and analyze the library of bfiIR insertional mutants.
Random Dissection of the bfiIR Gene
Single-stranded nicks were introduced into supercoiled pUCBfiIR, in which the gene for BfiI restriction endonuclease is under the control of P lac by incubating plasmid DNA with DNase I in the presence of Mg 2+ and ethidium bromide. In the next step, these nicks were converted into doublestranded breaks by the use of nuclease S1. The resulting linear molecules of near to full-length size were gel-purified and ligated with the blunt-ended DNA cassette. The ligation mixture was introduced into E. coli cells expressing the BfiI methyltransferases, yielding 10 5 Cm-resistant colonies. Noteworthily, the size of individual colonies varied, indicating either the toxicity of some mutations or differences in the individual levels of chloramphenicol resistance, which most likely depended RESEARCH REPORT target recognition (Table 2) . Further deletion analysis showed that only the N-terminal fragment of REL15 was required to induce the SOS response ( Figure 2) . Surprisingly, the orientation of the cassette in REL15 was found to be inverted as compared with other mutants. This finding suggests that an E. coli promoter-like structure is located within the noncoding strand of the bfiIR gene. Alternatively, it could have formed accidentally after the insertion of the cassette. Sequencing of the other mutants ( . These deletion variants were tested for their ability to induce the SOS DNA repair response ( Figure  2 ). The response was induced only if both oligopeptides were encoded, suggesting that the functional activity of BfiI can be restored in vivo.
Isolation of BfiI Mutants of Relaxed Specificity
To screen for mutants with relaxed substrate specificity, a collection of BfiI insertional mutants was introduced into ER1992 (pACBfiIM). Transformation yielded 0.2% blue colonies. Plasmids of 18 blue-colored mutants were isolated and transformed back into ER1992 (pACBfiIM). All plasmids resulted in the blue transformants, suggesting that they all encoded a mutant variant of the endonuclease with the relaxed specificity. Sequencing of the gene dissection point has revealed that insertions were clustered in a very narrow region of the polypeptide chain (Table 2 ). In total, seven different mutants were isolated. Analysis of their DNA sequences indicated that N-terminal oligopeptides of all mutants were terminated at the translation termination codon that was derived from the cassette. However, the putative translation initiation codon of the C-terminal oligopeptide in four isolated mutants varied due to small deletions. This resulted in the out-offrame position of the cassette-encoded ATG (Table 2 ). Deletion analysis of two mutants, REL17 and REL21 ( Figure  2 ), revealed that the N-terminal oligopeptide was sufficient to induce the SOS response. In order to test if both parts of the interrupted BfiI mutants are expressed, we analyzed the REL17 expression p r o d u c t s b y Western blot analysis using BfiIspecific antibodies. Two bands corresponding to the N-terminal and the C-terminal fragments were identified (data not shown), suggesting that these cells tolerate the simul- 
DISCUSSION
We developed a new protein fragmentation technique, which we call random gene dissection, in which a two-domain protein is dissected into two individual domains. This technique is based on a random DNase I/S1-mediated disruption of a gene followed by the insertion of a specially designed cassette. The cassette, when inserted in-frame, ensures a premature termination of the protein to produce an N-terminal protein fragment and an independently translated C-terminal fragment. The well-studied restriction endonuclease BfiI was chosen as a model for proof-of-principle experiments.
It should be noted, however, that there are preferred cleavage sites for DNase I (47,50). As a result, there is some bias regarding cassette insertion into preferred regions. To enhance the probability of targeting poor DNase I cleavage sites, we increased the size of the library of insertional mutants. This library was screened for endonucleolytically active BfiI mutants both in the presence and in the absence of protecting methylation.
In the presence of site-specific BfiI methylation, host DNA can be cleaved (and the SOS response induced) only if the specificity of BfiI was altered or the enzyme was converted into nonspecific nuclease. Therefore, only the mutants of relaxed specificity are expected in this screen. A set of 18 such mutants was analyzed thoroughly. In all of them, translation of the N-terminal fragment was terminated within the narrow region of BfiI starting with amino acid residue Asp 185 and ending with Thr 204 . The deletion of gene fragments coding for C-terminal oligopeptides had no effect on the ability of mutants to induce the SOS DNA repair response, suggesting that the N-terminal oligopeptide possesses endonucleolytic activity. This is in agreement with the previous observation that the Nterminal part of BfiI acts as a nonspecific nuclease (38) . Based on the results of our experiments, we also predict that a connecting linker between the N-terminal and the C-terminal domains extends from Asp 185 to Thr 204 .
In the absence of BfiI-specific methylation, insertional mutants of both types (i.e., those that cleave DNA specifically and those that hydrolyze DNA nonspecifically) should be able to induce the SOS response. Thus, both types of mutants have equal chances to be isolated in this screen. Of 17 mutants analyzed, however, only one was of relaxed specificity, whereas 16 mutants possessed the wild-type specificity. This fact indicates that either mutants of relaxed specificity are more detrimental to the host and only a small fraction of less toxic mutants survives, or there are more regions within BfiI where splitting into two fragments without the loss of the wild-type specificity is possible. We found that both parts of the wild-type specificity mutants were required to induce the SOS response, indicating complementation of the N terminus and C terminus. Sequencing of these mutants revealed their cut points and allowed us to assign the mutants into three groups based on BfiI dissection region: (i) between amino acid residues Pro 217 and Ala 221 ; (ii) between amino acid residues Gly 248 and Thr 249 ; and (iii) between amino acid residues Asp 263 and Cys 271 (deletions of up to five amino acid residues were allowed within this region without the loss of function). A strong grouping of mutants suggests that BfiI dissection occurred in regions that tolerate those mutations. Of note, the third region can accept additional sequences (see Table 1 , mutant WTS3). Therefore, it seems that cut points, at least in this region, are located within the surfacelocated protein secondary structure, most probably a loop. However, X-ray studies of BfiI crystals are necessary to confirm these predictions.
The RGD technique also allowed precise mapping of the BfiI interdomain linker. Its position perfectly matches the position identified by the limited proteolysis (38) . This observation implies that RGD has a potential to replace limited proteolysis in experiments aimed to investigate the domain structure of proteins. This approach does not depend on the primary structure of the linker (i.e., the presence or absence of protease targets), and it does not require highly purified protein preparations. Moreover, RGD does not require structural information to convert monomeric enzyme into two complementing oligopeptides.
Overall, RGD has a potential to replace the incremental truncation approach when genes are shortened from either the 5′ or the 3′ terminus to produce collections of deletion derivatives, which are then combined in order to try to identify complementing pairs (51) . Incremental truncation results in overlapping gene fragments that can recombine in vivo and restore the functional activity of the gene, resulting in false positives. This is not an issue for the RGD technique because individual fragments of the interrupted gene have no overlapping regions and thus cannot recombine.
Another advantage of RGD is that a limited number of the mutants needs to be analyzed because each mutant represents a unique bisection point. For example, a collection of 900 insertional mutants is adequate to create a collection of all theoretically possible insertional mutants of a 900-nucleotide gene. If combinatorial engineering is applied for the same gene, a significantly larger number of mutant combinations has to be analyzed (900 × 900 = 810,000). If both libraries are combined with 5-fold redundancy, then 2 × 10 7 transformants (5 × 900 × 5 × 900) need to be screened. Such a task requires the application of powerful selection techniques that are not always available. Using RGD, some level of redundancy is required to overcome both the preference of DNase I for some specific sequences and the tendency to form small deletions at the cassette insertion point (49) . However, only 1.8 × 10 4 mutants are required to be produced and analyzed by RGD at a 20-fold redundancy. This number is 1000 times lower as compared with the number of variants generated by incremental truncations. Furthermore, each of 1.8 × 10 4 mutants can be individually screened for functional activity. Finally, each possible cut point is represented by only very few mutants in RGD, while the use of Numbers in columns refer to the first and the last amino acid residue of the respective oligopeptide relative to the amino acid sequence of the wild-type BfiI. a Isolated duplicates of identical structure are indicated in parentheses. b The numbers in parentheses indicate the reading frame of bfiIR in which the cassette-encoded translation initiation codon ATG was inserted. In these mutants, the putative translation initiation codon of the C-terminal oligopeptide is unpredictable. c REL15 differs from the other mutants by the orientation of the inserted cassette. Because of this, the cassette-encoded amino acid residue Ser was added to the N-terminal oligopeptide, whereas the putative translation initiation codon of the C-terminal oligopeptide cannot be predicted.
incrementally truncated proteins may result in multiple complementing pairs that are in fact variants of the same cut point. On the other hand, it appears that sometimes protein overlaps might be required for efficient complementation (52) . If so, RGD will not identify those overlaps.
Taken together, we envision that the RGD technique will be used in experiments designed to isolate complementing oligopeptides and as an alternative to limited proteolysis in the study of enzyme domain structure. Also, RGD could prove to be a powerful technique in experiments aimed at identifying exact boundaries of individual domains in multidomain proteins of prokaryotes and eukaryotes. This information may help to express individual domains in soluble form, a task that is one of the main objectives of structural proteomics. 
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